A mussel, clams, vestimentiferan tube worms and squat lobsters from vent-communities at three volcanically active sites, the Kaikata Caldera of Ogasawara Arc and the Minami-Ensei Knoll and the eastern Iheya Ridge of Okinawa Trough, were analyzed for the concentration and isotopic ratio of sulfur in their soft tissues. The results indicate that the mussel, clams and tube worms are nutritionally supported by endosymbiosis with chemolithotrophic sulfur-oxidizing bacteria which utilize hydrogen sulfide in venting fluid as energy source for organic carbon synthesis, while the squat lobsters live on the chemosynthetic food web. However, the sulfur isotopic ratios of these animals range from -10 to 26%o, much lower than the volcanic sulfur values of these areas (0 + I O%o). This implies that in all the three sites, hydrogen sulfide produced by sulfate-reducing bacteria is an important sulfur source for vent communities. The sulfur flux required for the biological communities is an order of magnitude or two greater than that encountered in normal organic-rich marine sediments. It is suggested that the high heat flow, porous volcanogenic sediments and organic materials accumulated by biological communities play important roles in maintaining high production rate of microbial hydrogen sulfide and its efficient transport to surface in volcanically active seafloor.
INTRODUCTION
Biological communities dominated by clams, mussels and other benthic animals have been located at various active deep seafloor in close association with hydrothermal venting and cold seepage systems. It has been shown that these communities are nutritionally supported by chemoautotrophic bacteria which utilize chemical energy released during oxidation of hydrogen sulfide and other reduced forms of sulfur to synthesize organic carbon from carbon dioxide and water (Cavanaugh et al., 1981; Cavanaugh, 1983; Felbeck, 1981) . The sulfur isotopic ratios of organic sulfur in hydrothermal vent-animals closely inherit those of the reduced sulfur in the hydrothermal fluids (Oh 5%o, Fry et al., 1983) , whereas those in the cold-seep com munities represent biologically produced hydrogen sulfide ( 20%o or lighter, Sakai et al., 1987) . Therefore, the sulfur isotope ratios of large-size animals in the vent-communities should represent the isotopic ratios of reduced sulfur emitted from the vents and thus can be used to identify dominant sources of sulfur (e.g., magmatic or biogenic) in the areas, even before the reduced sulfur in the venting-fluid of the sites is sampled for sulfur isotopic analyses. , two cold seepage sites at Sagami Bay (Hashimoto et al., 1989) , and four low to high-temperature hydrothermal areas closely spaced in Mid-Okinawa Trough (Kimura et al., 1988a; Tanaka et al., 1988; Halbach et al., 1989) . In all of these areas, prolific biological communities dominated by clams, mussels, crabs, squat lobsters and/or vestimentiferan tube worms were observed and sampled, but at no sites effort to obtain venting-fluid itself has yet been rewarded. We have analyzed the sulfur isotope ratios of reduced sulfur obtained from these sites, mostly in the form of vent-animal soft tissues, in order to assess whether biological communities are supported by volcanic hydrothermal or cold seep-type biogenic hydrogen sulfide. In this paper, the results so far obtained will be reviewed and discussed. Table 1 1. Pyrite, native sulfur and Bathymodiolus type mussel from Kaikata Caldera, Kaikata Sea mount (26°42'N, 141 °05'E):. Kaikata Caldera is located on the easternmost summit of Kaikata Seamount, a submarine volcano of the Izu Ogasawara Arc . The caldera floor is about 930 m below sea-level, with a 500 m high central cone, where low-temperature hydrothermal activity has been found recently Urabe et al., 1987; Yuasa et al., 1987; Ohtsuka et al., 1988; Naka et al., 1988; Hashimoto et al., 1988; Mit suzawa et al., 1989) . The last three authors cited above observed, by "Shinkai 2000", emission of fluid more than 10°C warmer than ambient, from mounds at the western side of a crater-like depression of about 100 m diameter located on the central cone. Biological communities dominated by Bythoqraea-type white crabs, mussels, and bacterial mats were also observed in association with the warm water venting (Naka et al., 1988; Hashimoto et al., 1988; . A biological communi ty dominated by Bathymodiolus-type mussels oc cupied about 5 x 5 m area on the top of the crater rim, from which the analyzed specimen (No. 1, Table 1 , 175 x 55 mm in shell size having wet soft tissue of 58.6 g) was collected. Although shimmering of water was not observed within the community bed, temperature at 30 cm below the sediment surface within the community was 18.5'C, compared to 12.5'C at the same depth about 3 m outside of the community, which is similar to bottom seawater temperature (Mit suzawa et al., 1989) . Sandy sediment attached to the shell did not give H2S when attacked by HCl but yielded H2S with the CrC12-bearing HCl (No. 2, Table 1 ). The latter H2S was attributed to pyritic sulfur (see "Experimental"). Rock samples obtained by the submersible in dicate that, unlike the andesitic caldera wall rocks, the central cone is composed of fresh glassy basalt . Semicon solidated volcanic sands picked up by "Shinkai 2000" at the foot of the inner wall of the depres sion are covered with a few mm-thick iron-rich red precipitates and the inner portion gave strong smell of hydrogen sulfide (Naka et al., 1988 and (SO-56 DSE-135) to the dredge station basaltic ridge on the axis of the Mid-Okinawa Trough Back-Arc Basin. During R/ V Sonne 56 cruise which was conducted in June to July 1988 , as a West Germany-Japan joint research (Halbach et al., 1989) September , 1988, which led to the discovery of active hydrother mal areas of about 1 km2 (Tanaka et al., 1988) . Clear hydrothermal water of the maximum measured temperature of 220°C flew out actively from cracks and fissures developed on the seafloor. Hydrothermal solutions precipitate mangano-calcite-amorphous silica deposits disseminated with minor sulfides (galena and sphalerite). Sample No. 10 was collected by T. Tanaka of JAMSTEC during his dive #366.
LOCALITIES, GEOLOGICAL SETTINGS AND SAMPLE DESCRIPTION
3. Tube worms and hydrogen sulfide-bearing bottom seawater from Depression B of Minami Ensei Knoll, Okinawa Trough (Nos. 11-13, Table 1 ): Minami-Ensei Knoll, 28°24.50'N, 127°38.00'E, is on the northeastern extension of the Okinawa Back-Arc Basin, where many ir regular . shaped knolls give complicated topographic features. The top of Minami-Ensei Knoll is 550 m deep and is spotted by many small depressions of about 100 m depth and of 1000 m diameter.
Dense biological communities dominated by mussels and clams were identified by the JAMSTEC deep-towed color video system in June 1988. Subsequently, two dives of "Shinkai 2000" were conducted by one of us (J .
H.) in August 1988 in order to investigate the biological communities. According to his un published report to JAMSTEC, dense com munities, each about 3 m in diameter and dominated by several hundreds tube worms, were found within a small depression (Depres sion B) at the western part of the knoll. The area was covered with many large blocks of rock of unknown composition, of which those within 15 to 20 m away from the community show greyish white alteration. Fluid venting from coarse san dy floor and from fissures on rocks within and near-by the biological communities was iden tified by shimmering of water just above these seabed structures. Temperature of the shimmer= ing water was 2.9°C higher than ambient (7.0°C) at the maximum. Bottom seawater (No. 11, Table 1 ) collected right above one of the vestimentiferan tube worm colony gave strong odor of hydrogen sulfide (see Table 1 for analytical results). Tube worms, sample Nos. 12 and 13 in Table 1 , were collected from this col ony.
EXPERIMENTAL
Animal tissues, dissected into individual organs whenever possible, were washed in distill ed water, freeze-dried, ground, and combusted in pressurized oxygen gas (about 30 kg/cm') us ing a Parr bomb. Sulfate in the combustion residue was leached out by distilled water and converted to barium sulfate. The sulfate concen trations in the leacheates were determined by ion-chromatography in order to calculate the sulfur contents in the dry soft tissues. Pure pyrite was oxidized with a HNO3-Br2 mixture and sulfate formed was precipitated as barium sulfate. Unseparable pyrite in sediments was at tacked with CrC12-bearing HCl (Zhabina and Volkov, 1978) , after acid-soluble sulfides, if any, were removed by digestion with hot 6N HCl. Evolved H2S was fixed as ZnS and then oxidized to sulfate with HNO3-Br2 mixture. Sulfur diox ide for the isotopic ratio measurement was evolv ed from the barium sulfate using the technique of Yanagisawa and Sakai (1983) . The sulfur isotopic ratios are reported in the familiar 534S values relative to Canon Diablo troilite. The analytical errors are ±0.2%o for 534S and ± 10 percent for sulfur concentration, respectively.
RESULTS
The concentrations and isotopic ratios of sulfur in the sampes are summarized in Table 1 and are plotted in Fig. 2 . For comparison, the ranges of &34S values previously reported for nor mal marine biota and animals of other hydrother mal and cold-seep communities are also included in the figure. The sulfur isotopic ratios of the animals of the present study are all negative, and variably and significantly deviated from those heavy values (+ 15 +20%o) normally found for marine animals supported by photosynthetic food webs . This fact, together with the high sulfur contents, probably in the form of native sulfur, in the gills of clams and mussels and in the trophosome of tube worms, clearly indicate that these animals are supported by endosymbiosis with chemoautotrophic sulfur-oxidizing bacteria residing within these organs (Cary et al., 1989; Sakai et al., 1987) . The sulfur isotopic ratios of these animal tissues should closely represent those in the venting fluids of each site.
As are described in "Localities, geological settings and sample description", Kaikata Caldera, eastern Iheya Ridge and Minami-Ensei Knoll are volcanically active sites and all the animal samples studied are from dense animal communities associated with warm to hot fluid venting. Thus, we would expect that the organic sulfur in these animals has 8345 values simialr to volcanic sulfur values: -1 to + 5%o for sub marine basalts (Sakai et al., 1982; and 0 to + 12%o for island arc basalts and andesites (Ueda et al., 1979; . As a matter of fact, a sample of galena associated with carbonate precipita tion collected at the eastern Iheya Ridge hydrothermal site (No. 10, Table 1 ) has a O34S value of + 2.5%o. Furthermore, the extensive polymetallic sulfide deposits, having pyrite of a34S of +6.5±0.5%o, have been found on the northeastern slope of Izena Cauldron about 36 km south to the eastern Iheya Ridge hydrother mal site (Halbach et al., 1989) . Active venting of hydrothermal fluid with temperatures higher than 130°C has also been confirmed at this site in 1988 (Kimura et al., 1988b; Nakamura et al., 1988) . Therefore, the a34S values of magmatic sulfur of Okinawa Trough should be 0 to + 7%o.
On the contray to our expectation, however, the a34S values of the studied animals are much lower than the volcanic values. The large negative values found for the dissolved hydrogen sulfide (-21.3%o) in warm bottom seawater and associated tube worms ( 26.7%o) at Minami Ensei Knoll are similar to hydrogen sulfide pro duced by microbial reduction of seawater sulfate at organic-rich sediment / seawater interface (Sweeney, 1972 Another interesting feature to be noted is that at the eastern Iheya Ridge the Calyptogena type clams have considerably heavier 834S values than the squat lobsters caught in the same dredge haul as the clams. This may imply that the isotopic ratios of reduced sulfur emitted are variable within a narrow zone of a thermal area. Alternatively, because the squat lobsters prey upon vent . animals including clams, the difference may reflect isotope fractionation dur ing passage of sulfur through food webs in vent communities. We will briefly return to this point later.
DISCUSSION

Sulfur isotope fractionation during hydrother mal processes
Major sulfur species in submarine hydrother mal solution are sulfate and hydrogen sulfide. Because the light sulfur isotope. is favored in hydrogen sulfide relative to sulfate under isotope exchange equilibrium, volcanic hydrogen sulfide may become to be significantly depleted in the heavy isotope compared to its source volcanic sulfur due to the isotope fractionation during hydrothermal processes.
The isotopic shift of hydrogen sulfide, A HS, from the bulk sulfur in a hydrothermal system may be defined as follows:
A HZs = 834SHZS a34Sls = (1-x)1000 In uso 4-H's
where a34S is the isotopic ratio of the bulk sulfur, or weighted average of sulfate and sulfide, x is the fraction of hydrogen sulfide in the total sulfur, and 10001n «soa HZs is the isotope fractionation factor between SO4 and sulfide species. The last mentioned is expressed as:
in aS04 HZS=634SSO4-634SH2S (2)
The experimental fractionation factor be tween dissolved sulfate and sulfide at 300 and 400°C is +20%o (Sakai and Dickson, 1978) and + 15%o (Kamada et al., 1980) , respectively. Ex trapolation of these values gives a value of ap proximately + 28%o as the fractionation factor at 200°C (see also Ohmoto and Lasaga, 1982) . Therefore, from equation (1), it is expected that at 200°C andesitic to rhyolitic hydrothermal system of + 5%o bulk sulfur may produce H2S of -23%o , if sulfate is dominant over sulfide due to high oxidation potential and if no seawater sulfate is introduced into the system. However, the difficulty of this model lies in the fact that the venting fluid that supplies reduc ed sulfur to animal community could not be so much oxidizing as the model requires. The bot tom seawater at Minami-Ensei Knoll, sample No. 11 in Table 1 , for example, contains 0.081 mM HZS of 210 o and an excess enthalpy of 2.9 kcal/kg water. Assuming that this is a mix ture of normal bottom seawater of this area and a hydrothermal end-member solution of an ex cess enthalpy of 200 kcal/kg water, the end member should have approximately 5.3 mM HZS. Using equation (1) and the fractionation factor between sulfate and sulfide at 200°C as given above, the sulfide fraction, x, to match the a34Sm of +5%o is calculated to be about 0.06. Then, the total sulfate content of the end member hydorthermal solution should be (5.3 / 0.06) x 0.94= 83 mM. Such a high sulfate concentration (much higher than seawater sulfate concentration of 28 mM) does not seem to be realistic for seawater-derived hydrothermal solution, as has been documented by experimen tal seawater-basalt, -andesite or -rhyolite interac tion (Bischoff and Dickson, 1975; Shiraki et al., 1987) and by fluid inclusion analyses of Kuroko ore deposits (Ohmoto et al., 1983) .
In order to clarify the above relationship among sulfur isotope ratios, redox potential, and sulfur concentration in hydrothermal solu tions, Fig. 3 was constructed under the assump tions: (1) all the sulfide and sulfate species are in isotopic and chemical equilibria, (2) calcium con centration is constant as controlled by seawater rock interaction and (3) the solution is saturated with anhydrite. The third assumption came from the fact that many hydrothermal solutions so far studied were saturated or near-saturated with anhydrite (Sakai and Matsubaya, 1974) . Under the second and third assumptions, the sulfate concentration also becomes to be constant at a given temperature and solution chemistry, because the solubitity product of anhydrite is a function of temperature and solution composi tion. The sulfide/sulfate ratio which is controll ed by redox potential then determines the total sulfide concentration.
According to Marshall and Slusher (1968) , formal solubility product of anhydrite in a stan dard seawater at 200°C is 5 x 10-5 (mol/kg)Z. Assuming the hydrothermal solution to have the same ionic strength as standard seawater, this value was used in Fig. 3 . Calcium concentration of submarine hydrothermal solution depends on various factors, such as the calcium content of rocks and/or sediments with which seawater reacts, the water/rock ratio and temperature of reaction. It generally decreases as rock composi tion changes from basic to acidic and with in creasing effective water/rock ratio, if other con ditions are the same. Two calcium concentra tions are selected in Fig. 3 ; 20.8 mM, the highest value so far reported for hydrothermal systems of at 21'N, East Pacifie Rise (Von Damm et al., 1985) where basaltic rocks are reacted with seawater, and 6.8 mM, which is similar to that in seawater and was obtained when seawater was ex perimentally reacted with rhyolite (Shiraki et al., 1987) . Using the formal solubility product men tioned above, the sulfate concentration in the hypothetical hydrothermal solution was calculated to be 2.4 mM for basaltic system and 7.4 mM for rhyolitic system. These values were used to construct the bottom horizontal scales of Fig. 3 which express the sulfide sulfur contents in solution at different S04/ ZS ratios. The source of sulfur in a submarine hydrothermal system is two-fold, magmatic sulfur and seawater sulfate; the d34S values of the bulk sulfur in the sub Microbial origin of hydrogen sulfide supporting the mussels at Kaikata Caldera and the tube worms at Minami-Ensei Knoll The foregoing discussion suggests that the organic sulfur of the mussel from the Kaikata Caldera and that of the vestimentiferan tube worms from the Minami-Ensei Knoll cannot be volcanic in origin but should be attributed to hydrogen sulfide produced by microbial reduc tion of seawater sulfate at sediment/ seawater in terface. Such reduction produces hydrogen sulfide of 20 to -70%o (Sweeney, 1972 ; Kim, E. S., unpublished).
Origins of sulfur in the vent-animals with in termediate isotope ratios
The pyrite and native 'sulfur from the Kaikata Caldera studied in this research show almost the identical isotope ratios to those previously reported for the similar pyrite samples from the Kaikata Caldera (-11.7 -13.9%o, Urabe et al., 1987) . This sug gests that the hydrogen sulfide of about -10 to -12%o has widely been issued from the caldera floor. Urabe et al. (1987) also measured the a34S values of + 1.2 and +0.9%o for pyrite in quartz veinlet found in hydrothermally altered andesite dredged from the caldera. They concluded that there are two sources of sulfide sulfur in the caldera: andesite magma (+ 1%o) and partial chemical reduction of seawater sulfate in hydrothermal zone (-10 -12%o ). However, as is shown in Fig. 3 , it is difficult to form sulfide of -10 to -12%o by partial chemical reduction of seawater sulfate followed by isotopic equilibra tion at 200°C. The difficulty would not be resolv ed even if the temperature is reduced to 150°C. It is neither possible kinetically because the kinetic isotope effect of chemical sulfate reduction is smaller than 20%o at temperatures higher than 150°C (Grinenko et al., 1969) . Figure 3 indicates that the sulfide of -10%o would form if magmatic sulfur (0 -5%o) is par tially oxidized and the isotope equilibration is established between sulfate and sulfide at hydrothermal temperature. However, because oxidation in submarine hydrothermal system would proceed only with invasion of oxygenated bottom seawater and thus isotopically heavy seawater sulfate into the system, the a34S of bulk sulfur would increase, making it difficult to form sufficiently light hydrogen sulfide.
On the other hand, the emission of microbial hydrogen sulfide supporting a mussel-dominated community at the Kaikata Caldera strongly sug gests that these intermediate isotopic values are formed by mixing of magmatic and microbial hydrogen sulfides. Although detailed modeling of the system has yet to wait for future study, such mixing would occur when biogenic pyrite formed in shallow sediments of the caldera was reworked with magmatic hydrothermal activity. Therefore, pyrite and native sulfur of varying a34S from near-zero to -25%o could have formed within the caldera depending on the ex tent of magmatic activity and hydrological condi tion that controls the mixing ratios of two sulfurs.
At the eastern Iheya Ridge hydrothermal area, no sulfide formation except for the disseminated fine sulfides (galena and/or sphalerite) in carbonate precipitation has been recognized. However, the a34S of galena (+ 2.5%o No. 10, Table 1 ) may be taken to repre sent the magmatic value of this area, as the ma jor volcanic rocks of this area is basalt. Then, again as in the Kaikata Caldera, the hydrogen sulfide that supports vent communities here also is most likely a mixture of magmatic and microbial hydrogen sulfides. Different mixing ratios within a hydrothermal area would pro duce H2S and therefore vent animals of variable a34S. The fact that the squat lobsters of this area The sulfate of jarosite (No. 9, Table 1 ) col lected from the oxidized basalt surface has a similar isotopic value to the squat lobsters. Therefore, the jarosite sulfate did not come from seawater but must have formed from a precursor sulfide. The precursor sulfide may have had the same isotopic value as the jarosite. Alternatively, the precursor had a a34S lighter than the jarosite value but during the oxidation process the isotopic value may have been raised to the present value by mixing with seawater sulfate. In any case, the jarosite of the light isotopic value provides further evidence for the wide occurrence of isotopically light, non magmatic hydrogen sulfide in this area.
High production and transport rates of microbial hydrogen sulfide at hydrothermal areas Although the magnitude of sulfur flux re quired to maintain dense animal communities at vent sites is still open to question, chemosyn thetic sulfur bacteria that consumes thiosulfates or sulfides as its energy source produce 0.4 to 0.8 mol of organic carbon per mol sulfur oxidiz ed (Kelly, 1982) . Similar carbon to sulfur ratios have been measured for the growth efficiency of endosymbiotic sulfide-oxidizing bacteria hosted by Solemya reidi, a bivalve inhabiting in shallow, reducing marine environment (Ander son et al., 1987) . On the other hand, oxygen con sumption rate of a Calyptogena soyoae, a giant clam hosting sulfur oxidizing bacteria, collected from the Hatsushima site, Sagami Bay, was 5 16 pmol per hour per a clam of 50 g wet soft tissue (Koike et al., 1988) . Similar values had also been reported by previous investigators for hydrothermal vent animals (Williams et al., 1981) .
Assuming all the oxygen consumed was uti lized for combustion of organic carbon supplied by the endosymbiotic bacteria, the clam requires if the above estimated sulfur consumption rate of the Calyptogena-type clam is taken to be applicable to tube worms. Such a high microbial reduction rate of sulfate has been estimated in unusually reducing environments such as at Black Sea and Baltic Sea (2.3 --3.6 and 5.3 ---14 mmol S /day/ m2, respectively, Skyring, 1987) and some of the continental shelves (Skyr ing, 1987) . Production rate of hydrogen sulfide at normal organic-rich open seafloor is an order of magnitude or two smaller than these values (Volkov and Rozanov, 1983) .
If the hydrogen sulfide content in the bottom seawater just above the tube worm community at the Minami-Ensei Knoll (0.081 mM) is taken to represent that of venting-fluid which supports the community, the amount of sulfur that is con tained in 1 cm long water column of 1 m2 cross section is 0.8 mmol. Therefore, the venting rate should be, at minimum, (0.9-8)/0.8=1-10 cm per day. The shimmering of water observed at the community bed, however, suggests that the fulid was venting within a confined area at a higher rate than above and consequently, before mixing with ambient seawater, it had a higher sulfide concentration than that measured. In any case, the venting fluid must have passed through environment in which hydrogen sulfide is generated with a sufficiently high rate to main tain the sulfide flux estimated above. Such an en vironment must be sufficiently rich in organic matter and porous enough to allow a necessary supply of sulfate from circulating seawater.
Although detailed information on sedimen tological structures of the studied areas is lack ing, a high rate of accumulation of volcaniclastic sediments of these areas would be responsible for the formation of porous channels through which convective seawater circulation may be driven by geothermal heat gradient. At this mo ment, however, unusually high rate of accumula tion of organic materials is difficult to explain.
An attractive model to be tested in future works is that the present animal communities depend on the organic materials which were ac cumulated by earlier generations of vent com munities and were accidentally buried to a shallow depth by volcanic fallout. The previous vent communities may have been formed during a period of more active volcanism or under en vironment similar to a period of the present low volcanic activity. The microbial hydrogen sulfide becomes to be an important source of sulfur for vent-communities to survive during periods of "sulfur famine" that would occur during low volcanic activity.
CONCLUSIONS
The vent-community animals (clams, mussels, squat lobsters and tube worms) col lected from two volcanically active sites of the Mid-Okinawa Trough and one of the Ogasawara Arc all indicated their nutritional dependence(at least partially to completely) on hydrogen sulfide of microbial origin. The present results strongly suggest that in volcanically active areas a certain biogeochemical and hydrological environment often forms in which a high rate of microbial pro duction of hydrogen sulfide and its efficient transport to confined surface zones are favorably maintained and dense biological com munities grow depending on it. A high heat-flow which brings seawater into circulation through porous volcaniclastic sediments is evidently one of the driving forces of such a system. However, in order to maintain such a high flux of hydrogen sulfide for a sufficiently long period of time to allow the biological communities to grow, the system requires sufficient accumulation of organic materials within the system. In this con text, it was suggested that organic materials ac cumulated by older communities could efficient ly be used to produce hydrogen sulfide and support younger communities which otherwise would not survive the periods of low volcanic activity.
